Orbital motion about irregular bodies is highly nonlinear due to inhomogeneities in the gravitational field. Classical theories of motion close to spheroidal bodies cannot be applied as for inhomogeneous bodies the Keplerian forces do not provide a good approximation of the system dynamics.
Introduction

1
The motion of bodies subject to non-Keplerian gravitational fields is a Hamiltonian with 2nd degree coefficients.
64
• Providing a method for determining initial conditions for frozen orbits around any irregular body by simply prescribing the inclination and 66 eccentricity of the desired orbit.
67
• Applying the method to the asteroids 433-Eros, which is the main 68 example studied in. coordinates the Hamiltonian describing the system is:
where x, X ∈ R 3 are respectively the position coordinates and conjugate 118 momenta of the spacecraft, whileŪ (x) is the perturbing gravitational poten-
119
tial generated by the inhomogeneous rotating body. The equations of motion 120 are:
It is convenient to express the Hamiltonian and the perturbing potential 122 using the so called nodal-polar variables so that it may easily be transformed 
with N = |Θ| cos I.
130
In these coordinates the Hamiltonian takes the form:
where the perturbing potential, found using Wigner's rotation theorem (Wigner, 132 1959) and the addition formula for non scaled spherical harmonics (Hofmann-
133
Wellenhof et al., 1967) , is: 
with
136
A n,m,j,t =Ḡ n,m,j,t C n,m cos (
8 and
137Ḡ
n,m,j,t = (−1) m+3t−j+1 µα
In these α is a conventionally chosen reference radius, usually taken as the 138 radius of the circumscribing sphere of the small body and x mody stands for 139 the value of x modulus y, i.e. the integer remainder of the division of x by y.
140
The C n,m and S n,m in (17) are called spherical harmonic coefficients, defined
Where δ 0,m is the Kronecker delta that gives 1 if m = 0, and 0 elsewhere, Note that, in order to obtain formula (16) the gravitational potential
where cos ψ = sin δ sin δ ′ + cos δ cos δ ′ cos (λ − λ ′ ), has been developed in 150 terms of Legendre Polynomials using
Thus it has been obtained that 
Moreover, centering the origin of the system of reference at the center of
158
mass it can be demonstrated that the term C 1,0 = 0.
159
The coefficients C 2,0 and C 2,2 express the "ellipticity" and "oblateness" of 160 the body. 
177
The flows associated to the two components of the unperturbed Hamiltonian 178 are used to relegate the whole system first and then to put it into normal 179 form by means of symplectic transformations.
180
The Hamiltonian in (4) is therefore rearranged as:
where ǫ is merely an ordering dimensionless parameter, which will be decided 182 later on for the applications, and
where:
and, for s = 1, 2
with:
n,m cos (
Again ci and si as in (6) andḠ n,m,j,t as in (8). 
is the generator of the transformation.
193
Due to the properties of the Hamiltonian systems, the Lie transformation φ is a completely canonical transformation that maps a Hamiltonian
onto an equivalent Hamiltonian K of the form
found by solving a series of homological equations: elementH s collects the terms from the previous orders (see Deprit (1969) 196 and Palacián (2002)). The relegation and the normalization algorithms (see Hamiltonian (13) into an equivalent one of the form: 
209
As a result the truncated system
is obtained, which represents an approximation of the starting Hamiltonian 211 independent from ν and admits H C as an integral.
212
In this section, in order to keep the generality of the analysis, the relegation 213 is performed to the second order, arbitrary number of iterations p (s) . In 214 the applications section, once the parameter ǫ will be fixed, the number of 215 iterations necessary to relegate the terms of the Hamiltonian containing ν to 216 orders ∼ O(ǫ 3 ) will therefore be estimated.
217
1 Let L W be the Lie derivative induced by the function W , then L W which maps any
It must be noted that L H C H K = 0 and that L H C is semi-simple over a Poisson algebra of functions P .
Algorithm
218
The general relegation algorithm is briefly described here before the ap-219 plication to the problem. For each homological equation (∀s ≥ 1):
222 223 Therefore (22) becomes:
Thus, setting W s = W * s,0 + W s,0 , (24) yields:
The algorithm continues re-invoking 
Although the procedure is general, in view of the applications, only the 235 first two homological equations will here be considered and explicitly solved. 
Results
237
Following the procedure just described and Deprit (1969), for the first order 238 s = 1 of the Hamiltonian (13), we have that:
therefore, after the first iteration p = 1, it results:
n,0,j,t cos (−jθ)
Moreover 241
and
n,m,j,t sin (mν − jθ) + B
n,m,j,t (− cos (mν − jθ))
Then the algorithm is iterated ∀1 < p ≤ p (s) , where at each iteration it 243 results:
Calling p Omax = 2⌊
⌋, and:
Also, calling:
and ∀k odd
while ∀k even 248
it results:
...
n,m,j,t cos (mν − jθ) cos ( 
261
The relegation of the first order is ended setting:
To pass to the second order s = 2, the evaluation ofH 2,0 = H 2 + 
266
The relegation of the second order is ended setting:
⌋.
269
The resulting Hamiltonian
K 2 is completely equivalent 270 to the one in (13). However, as the terms R s , s = 1, 2 are of order ∼ ǫ 3 , 271 a truncated system is considered in which such terms have been neglected.
272
Setting:
(42) the truncated system is described by the Hamiltonian:
where, to simplify notation, the˜will be ignored. This Hamiltonian is equiv- It must be noted that, in complete analogy with the procedure adopted so 282 far, the explicit formulation for every higher order s ≥ 2 could be obtained. 
295
The relation between the True anomaly and the Eccentric anomaly u is de- 
298
Moreover, by Section 3, we know that N = G cos I => H = G cos I and
The relegated Hamiltonian (43) in the Delaunay coordinates takes the 302 form:
23 with:
n,0,j,t sin (−j(f + g)) .
(45)
For brevity of exposition the expression for J 2 will not be explicit written in 306 this paper.
308
The Normalization algorithm
309
The closed form normalization algorithm (Deprit (1982) ) is here adopted, 310 which, instead of using the expansions of r and f in powers of the eccentric-311 ity, changes the independent variable from time to the true anomaly f .
313
Definition 2.
314
A formal series
In our case, as
2L 2 , the Lie derivative Note that, as for the relegation for the angle ν, the normalization degenerates 320 into an average over the mean anomaly ℓ. Moreover it will be used that: 
Results
324
The explicit formula for the normalized J 1 is:
n,0,j,t · · sin (gj)
obtained using that, ∀1 ≤ j ≤ n:
n,0,j = −A 
The first order generating function is obtained by:
Finally the normalised J 2 , namely
and its corresponding generating function
have been evaluated, using integration by parts, with the aid the software
331
Mathematica.
332
As a result 
which can be derived by (48) and (52) where L and H are constants and all 345 the other motions will only depend on G(t) and g(t). 
350
This in particular implies that such an orbit is then perfectly periodic except 351 for the orbital plane precession.
352
A frozen orbit it thus described by the system:
For the properties of the Lie transformations, the "normalized" eccentricity, can thus be interpreted as a perturbed version of their real correspondents.
357
In the normalized variables (54), the system (55) is equivalent to:
Thus fixing normalized eccentricity e and inclination I for the desired nor-359 malized frozen orbit, and solving the system gives:
and the initial conditions (L 0 , G 0 , H 0 , g 0 ) for normalized frozen orbits can 361 be found.
362
Moreover, as this all procedure is valid for the case |H K | < |H C | such initial 363 conditions must satisfy:
and also
These resulting initial conditions can transformed back to the initial system 366 describing the full dynamics (see (13)) ordering parameter ǫ is set to be ǫ = 10 −2 (i.e. semimajor axes ∼ 300km,
∼ 10 −6 ). 
n,m and the S
n,m , S
n,m respectively.
391
29
For the result shown below it will thus be fixed that: and normalized) frozen orbit collected in Table ( 2) for 433-Eros. In the last 396 row of the table, the initial semimajor axes a 0 of the resulting orbits has also 397 been recorded.
398
I 0 (rad) Eros, for the example in Table ( C 11,0 1.04666×10 S 6,5 3.86799×10
−8
